Cardiac hypertrophy, which is an adaptation to persistent increase in cardiac load, has been defined morphologically by increment of the ventricular mass. This condition is associated not only with hypertrophy of the cardiac muscle fiber, but also with a change in left ventricular chamber geometry (Linzbach 1952; Arai et al. 1968; Dodge and Baxley,1969) . According to the difference in the nature of the load, the heart develops two types of anatomical change. Thus, the hypertro phied heart has been classified into two categories:. namely, concentric and eccentric hypertrophies. This geometrical change of the left ventricle may influence the performance of the hypertrophied heart. In fact, the change in left ventricular compliance or stiffness, which is one of the major determinants of According to our previous experiments , the major determinants of the diastolic pressure-volume relationship and of the overall ventricular stiffness were the stiffness of cardiac muscle fibers and the chamber geometry (Nakamura et al . 1975 ). Thus, there are two possibilities associated with a change in stiffness of the hypertrophied heart: the change in stiffness of the cardiac muscle and that in chamber geometry.
It has been reported in pressure-overloaded hypertrophied heart that the P-V relationship of the left ventricle was very different from that of the normal and that the stiffness of the left ventricle became increased (Gaasch et al . 1972; Taylor et al. 1974; Grossman et al . 1974a ). In addition, a change in stiffness of the pressure overloaded hypertrophied myocardium was reported by Bing et al . (1971) . But there was some evidence to the contrary (Spann et al . 1967 ). In the pressure-overloaded hypertrophied heart, the wall-thickness was increased and the chamber geometry was changed (Dodge et al. 1974; Grossman et al . 1974b ). Therefore, a question arose as to the mechanism how the stiffness of the ventricle was increased . Recently, the authors have succeeded in producing pressure-overloaded hypertrophy in the canine left ventricle. A pressure-volume relationship of the left ventricle after potassium arrest was examined in these hearts and was compared with that in the control s.
The purpose of the present study with the pressure -overloaded heart is to find out the relation of the change in chamber geometry to the increase in stiffnes s of the left ventricle.
METHOD

Production of left ventricular hypertrophy
Banding of the ascending aorta was performed in seven 2 -to-3-month-old mongrel puppies. They were anesthetized with pentobarbital sodium (30 mg/kg , iv) and were intub ated and placed on a respirator . After left thoracotomy through the third intercostal space, the pericardium was incised , the ascending aorta, was exposed and encircled with a 10-mm wide teflon tape. The tape was tightened to reduce the dia meter approximately t o two-thirds of the initial size and was fixed in position by suture to p roduce permanent constriction.
They were injected intramuscularly with ami nobenzylpenicillin (50 mg/kg) d uring 3 days after operation .
Theoretical eonsideratioaas on P-V relation
For the purpose of this study , an assumption was made that the ventricular where a V is the actual change in the ventricular volume a s compared with the volume at P=0 emH2O, P is intraventricular pressure , and a, b and c are constants . The constants a , b and c in each P-V relationship were calculated by a co mputer (Canon Co. Canola 603) using th e program of a corrected logistic curve .Th e half-inflation pressure was calculated ess entially as described in the authors' report (Nakamura et al. 1975 ). The concept of half -life is particularly u seful in dealing with such events as radioactive deca y expressed by an exponential function . The same concept can be introduced into equation 1 .
The half-life, or more properly, the half-inflation pressure (h) may be defined as described by Salazar and Knowles (1967) . Then equation I can bee transformed to When P is very close to infinity, 4 V approaches the constant a , because the constant c is positive in eq. 1.
Thus, when then
Thus, h is a constant in each P-V curve, because a, b and c are constants for each P-V curve.
At the half-inflation pressure, the actual volume change of the left ventricle is therefore equal to half the theoretical maximal volume change.
Pressure-volume relationship of the left ventricle
The present study was carried out, with 7 hypertrophied hearts 7 to 15 months after operation and with six hearts of the normal mongrel dogs. Median sternotomy was performed under pentobarbital anesthesia. A large-bore canule (#20 French size) having a side hole was inserted via the brachiocephalic artery. Loose tapes were passed around the aortic arch and the right subelavian artery. Then the heart beat was arrested by injecting via the large-bore canula 50 ml of a 5% dextran solution, which contained 2.5% potassium citrate (Ross et al. 1967 ). After potassium arrest, the heart was excised as rapidly as possible. Both ventricles were washed free of blood with Tyrode solution. Rubber-plugs with two non-distensible tubes of 5 mm in diameter were inserted into the left and right ventricles via the atrioventricular valves and were fixed along the atrioven tricular grooves by a cotton tie. An Eckstein's canula was inserted into the aorta and the tip of the canula was introduced into the trunk of the left coronary artery and fixed by ligation (Eckstein and Rowen 1967). Then both ventricles were filled with the Tyrode solution. The air was carefully expelled from the ventricles. The aorta and the trunk of the pulmonary artery were tied firmly by a heavy cotton tie at the level of semilunar valves. The heart was suspended from a ring, to which the long axis of the left ventricle was fixed at a right angle with a hemostat.
One third near the base of the left ventricular long axis was used as the zero reference of the pressure measurement.
One of the tubes in the right ventricular plug was connected to a reservoir and the right ventricular pressure was fixed at 5 mmHg. The other tube was connected to a Statham, P23Gb transducer.
One of the "mitral" tubes was connected to another transducer of the same type, and the other to a Harvard constant infusion pump. The left ventricle was filled with the 'Tyvrnrlp. solution to a filling pressure of 35 cmH2O at a rate of 95 ml/min.
Then the pump was immediately switched to the reverse position and the fluid was withdrawn to P=0 emH2O. The pressure-time relationships were recorded on an I-Y recorder (Watanabe Co. WX-477) at a paper speed of 10 mm/sea Since infusion rate was constant, volume could be plotted as a substitute for time. Simultaneously, the filling pressure of the right ventricle was recorded on a Rectigraph (San-ei Sokki Co. 85-12-3). It was confirmed that the right ventricular pressure remained at a level of 5 rnmHg during the experiment (Fig. 1) .
The P-V relationship of the left ventricle was recorded several times. The left ventricular pressure was fixed at, the half-inflation pressure, which was calculated from the P-V curve of each ventricle by eq. 3. About 200 ml of a fixing fluid were then infused manually via the Eckstein's canula and the left ventricle was perfusion-fixed.
The fixing fluid consisted of 2% glutaraldehyde and 2% of formalin in 0.05 M phosphate buffer of pH 7.4. Each point represents a value for one heart. The change in chamber geometry in the hypertrophied heart is evident.
The ratio of LVW to LVVp=h was used as an index of chamber geometry. When there is a proportional increase or decrease in all the dimensions of the left ventricle in hearts of varying sizes, the ratio of LVW/LVVp_h remains constant.
(See Appendix) Therefore, the increase of the ratio of LVW/LVVp=h indicates that the increase of the LVW exceeds that of the LVVp=h, and demonstrates concentric hypertrophy in these hearts. The exponential relationship of the P-V curve was also confirmed by the graphical analysis as described previously. JV; is read at equal pressure intervals from the actual P-V curve.
As shown in Fig. 5 , Qi(dVi, JV;+1) is plotted on a rectangular coordinate system with 4V; on abscissa and JV;+1 on ordinate.
It is found that Qi's are aligned on a straight line. Thus the exponential character of the P-V curve is demonstrated (Nakamura et al. 1975 ).
The results of the authors' previous experiments revealed that the P-V relation ship deviated from an exponential relation near the filling pressure of 0 cmH5O. The overall results are summarized in Table 1 .
3, The relation between the half-inflation pressure and chamber geometry nor with the left ventricular volume at the half-inflation pressure. However, the half-inflation pressure was closely correlated with LVWILVVp=h in both the normals and the LVH-dogs as shown in Fig. 6 . Thus, in the pressure-overloaded hypertrophied heart, the increase of the half-inflation pressure was correlated with the degree of concentric hypertrophy. On the other hand, the ratio of h/LVW/ LVV ,p_h in the LVH-dogs was not significantly different from that of the normals.
Assuming that the left ventricle was a thick spherical shell, the ratio of the left ventricular weight to the volume at half-inflation pressure is closely correlated with the ratio of the LV internal radius r to the wall thickness S. Therefore, the ratio of h/LVW/LVVp=h is related to the tangential stress St of the LV wall as shown by the Laplace equation.
Namely, where P is intraventricular pressure.
In the hypertrophied heart, the tangential stress of the LV wall at the half inflation pressure was not different from that in the normals. Therefore, it was concluded that the length-tension relationship of the LV wall or the stiffness of the LV wall was not different from that of the normals .
DISCUSSION
It is necessary in the analysis of the cardaic function to evaluate the preload of each ventricle accurately.
The cardiac performance is a function of the preload , according to the Frank-Starling mechanism and is modified by the contractility and the after-load.
However, there is no reliable index of contractility unrelated to the preload (Pollack 1970; Parmley et al. 1975 ) . Thus the assessment of the preload in each heart of different size was necessary for the comparative evaluation of the contractility.
Therefore, it is desirable to find an index of compliance or stiffness of the left ventricle having normalizing properties (Mirsky 1974) .
At a given end-diastolic pressure, the sarcomere length is a function of stiffness of the left ventricle (Diamond and Forrester 1972; Gaash et al . 1972; Leyton 1974). The tangential stress St of the left ventricular wall is a function of the filling pressure, the LV wall-thickness and the LV internal radius , as shown in the Laplace equation (Fig. 4) . If the ratio of r/S is kept at a constant k' , eq. 4 is simplified to St=k'p (Leyton 1974). However, each ventricle has its own con figuration. Therefore, the pressure-volume relationship of the left ventricle cannot be determined by the left ventricular wall stiffness alone , but is also related to the change in LV configuration. In the hypertrophied heart , of which geometrical configuration is very much different from that of the normal heart , such a geometrical change is probably a principal factor which influences the stiffness of the left ventricle.
In the previous experiments, Nakamura et al . (1975) reported the significance Fig. 6 . Relationship between the half-inflation pressure and the weight of left ventricle volume ratio at the half-inflation pressure LV W/LV V p_h. The half-inflation pressure h in hypertrophied heart is higher than that in the control heart. However, there was a close correlation between the half-inflation pressure h and the LVWILVV ratio as evidenced by the straight regression line.
of the half-inflation pressure as an index of LV stiffness. At the filling pressure of half-inflation, sarcomere length of the left ventricular wall remains constant in each ventricle in spite of the change in geometrical configuration, if the tangential stress of the LV wall, namely, the ratio of h/S/r remains constant and the diastolic length-tension relationship for the elements of the myocardium is unchanged (Leyton 1974). Thus, the half-inflation pressure inherent to each ventricular P-V curve is a useful index of the LV stiffness. The large value of the half-inflation pressure obtained by the analysis of the P-V curve of the left ventricle indicates an increase of LV stiffness. In such ventricles, a high filling pressure was needed to cause the same stretch of the LV wall as in the normal hearts. In cases of increased LV stiffness accompanied by the increase of the ratio of h/S/r or h/LVW/ LVVp=h and the unchanged correlation of half-inflation pressure to S/r or LVW/ LVVp=h, the increase of LV stiffness was due to an increase in stiffness of LV wall. On the other hand, the increase of LV stiffness not accompanied by an increase of this ratio and the ratio of S/r or almost parallel decrease in LVW/LVVp_h is attributed to the change in configuration of the left ventricle.
The result of the present experiment demonstrated that the half-inflation pressure of the pressure-overloaded hypertrophied left ventricle had a significantly higher value than that of the normal hearts and the ratio of LVW to LVVp.h in LVH-dogs was higher than that in controls. Therefore, the left ventricle must be stiffer. As shown in Fig. 6 , the half-inflation pressure was closely related to the chamber geometry of each ventricle, e.g., the ratio of the left ventricular weight to the volume at the half-inflation pressure. Therefore, the increase of the half inflation pressure in hypertrophied heart was due to the increase in ratio of LVW/ LVVp=h, namely to the degree of development of concentric hypertrophy.
An increase of myocardial stiffness has been reported in the experimentally produced pressure-overloaded hypertrophied heart (Bing et al. 1971 ). An increase in connective tissue was also described in both experimentally produced hyper trophied hearts and autopsied human hearts (Spann et al, 1967; Sasaki et al. 1975) , and the relation between the stiffness of myocardium and connective tissue was discussed. But in our experimental hypertrophied heart, neither apparent LVVP=h, fibrosis nor scar formation could be found histologically. The ratio of h/LVW/ LVVP_h which had been proposed as an index of LV wall stiffness in our previous report (Nakamura et al. 1975) was not significantly different between the hypertro phied and normal hearts. Therefore, it was unlikely that the LV wall stiffness increased in our pressure-overloaded hypertrophied heart.
There are two problems in this discussion and a certain allowance must be made in the evaluation of the half-inflation pressure.
First, the P-V realtion of the left ventricle was examined in a quasi-static condition in this study. However, the diastolic phase of the left ventricle is a dynamic process of the cardiac cycle. Therefore, the actual LV stiffness may also be changed by such factors as the inertia of the left ventricular mass and viscoelastic properties of the myocardium (Noble et al. 1969 ). In the intact heart further studies will be necessary to define the changes in LV stiffness and pressure-volume relations.
Next, it is questionable whether the left ventricle is a thick spherical shell.
There is a limitation to the use of the Laplace equation in the analysis of the stress of the left ventricular wall (Mirsky 1974 ).
Diamond et al. (1971) reported that the left ventricular pressure was given by an exponential function of the left ventricular volume. In our study, the actual change in ventricular volume could be expressed with an exponential func tion of the pressure as shown in eq. 1, in agreement with the study of Salazar and Knowles. This relation is confirmed by the graphical analysis (Nakamura et al. 1975) . It is, however, evident that the increase of the LV stiffness was mainly attributable to the change in LV chamber geometry in the pressure-overloaded hypertrophied hearts. Not only precise measurements of LV diastolic pressure but also that of LV mass and volume is needed for the assessment of LV stiffness.
APPENDIX
Assuming that the left ventricle is a thick spherical shell, the left ventricular volume (V1) is
The left ventricular weight (Wi) is where ro is external radius of LV, ri internal radius.
The specific gravity of the LV myocardium is assumed as 1.
When the external and internal radii become "m" times as large in the course of cardiac hypertrophy, the LV volume (V2) and weight (W 2) become:
and one obtains Consequently, when the chamber geometry of the left ventricle changes as in the figure, the ratio of LVW/LVV remains constant.
